Abstract
Introduction

The term 'smart textiles' is derived from intelligent or smart materials. The concept 'Smart Material' was for the first time defined in Japan in 1989. The first textile material that, in retroaction, was labelled as a 'smart textile' was silk thread having a shape memory (by analogy with the better known 'shape memory alloys' which will be discussed later in this article). The continual shrinkage of the textile industry in the Western world has amply raised the interest in intelligent textiles. Smart textile products meet all criteria of high-added value technology allowing a transformation to a competitive high-tech industry:
from resource-based towards knowledge-based; from quantity to quality; from mass-produced single-use products to manufactured-on-demand, multi-use and upgradable product-services; from "material and tangible" to "intangible" value-added products, processes and services.
Definition of intelligent clothing
What does it mean exactly, 'smart textiles'?
Textiles that are able to sense stimuli from the environment, to react to them and adapt to them by integration of functionalities in the textile structure. The stimulus as well as the response can have an electrical, thermal, chemical, magnetic or other origin. Advanced materials, such as breathing, fire-resistant or ultrastrong fabrics, are according to this definition not considered as intelligent, no matter how high-technological they might be.
The extent of intelligence can be divided in three subgroups [ 1 ] : passive smart textiles can only sense the environment, they are sensors; active smart textiles can sense the stimuli from the environment and also react to them, besides the sensor function, they also have an actuator function; finally, very smart textiles take a step further, having the gift to adapt their behaviour to the circumstances. On principle, two components need to be present in the textile structure in order to bear the full mark of smart textiles: a sensor and an actuator, possibly completed with a processing unit which drives the actuator on the basis of the signals from the sensor.
Although smart textiles find and will find applications in numerous fields, this presentation is limited to clothing. However, clothing can be interpreted in a broad sense. It involves for example wearable smart textiles meant for medical applications, designed to fulfil certain functions, but apart from that without any fringes. Also casual clothing is possible, which is expected to be functional as well as fashionable. It also embraces sports clothing, where the comfort factor is even more critical. Finally, smart textiles could be sold as a gadget, where the intelligent character will be more an accessory (Spielerei). Initially, smart clothing will find applications in those fields where the need for monitoring and actuation can be of vital importance, such as a medical environment, and with vulnerable population groups, in space travel and the military. However, as experience and familiarity will increase and hence breaking down barriers, the field of application will in the long term definitely widen to more daily applications such as sports and leisure, the work environment and so on. has developed a miniaturised MP3 player, which can easily be incorporated into a garment. The complete concept consists of a central microchip, an earphone, a battery, a download card for the music and an interconnection of all these components through woven conductive textiles. Robust and wash-proof packing protects the different components. No matter how strongly integrated, the functional components remain non-textile elements, meaning that maintenance and durability are still important problems. In the second generation, the components themselves are transformed into full textile materials.
State of the art
Basically, 5 functions can be distinguished in an intelligent suit, namely: Sensors Data processing Actuators Storage Communication They all have a clear role, although not all intelligent suits will contain all functions. The functions may be quite apparent, or may be an intrinsic property of the material or structure. They all require appropriate materials and structures, and they must be compatible with the function of clothing: comfortable, durable, resistant to regular textile maintenance processes and so on.
Sensors
The basis of a sensor is that it transforms a signal into another signal that can be read and understood by a predefined reader, which can be a real device or a person. The senses of a person are well known: eyes, ears, touch, nose, taste. As for real devices, ultimately most signals are being transformed into electric ones. Electroconductive materials are consequently of utmost importance with respect to intelligent textiles. Of course, apart from technical considerations, concepts, materials, structures and treatments must be focusing on the appropriateness for use in or as a textile material. This includes criteria like flexibility, water (laundry) resistance, durability against deformation, radiation etc.
Materials that have the capacity of transforming signals into electric ones are for instance:
: from mechanical (pressure) to electrical It uses a so-called 'Quantum Tunnelling Composite (QTC)'. This composite has the remarkable characteristic to be an isolator in its normal condition and to change in a metal-like conductor when pressure is being exercised on it. Depending on the application, the pressure sensitivity can be adapted. Through the existing production methods, the active polymer layer can be applied on every textile structure, a knitted fabric, a woven fabric or a nonwoven. The pressure sensitive textile material can be connected to existing electronics.
• Fibre Bragg Grating (FBG) sensors: from mechanical through optical to electrical This is a type of optical sensors receiving a lot of attention the latest years. They are used for the monitoring of the structural condition of fibre-reinforced composites, concrete constructions or other construction materials. At the Hong Kong Polytechnic University, several important applications of optical fibres have been developed for the measurement of tension and temperature in composite materials and other textile structures [ 4 ] . FBG sensors look like normal optical fibres, but inside they contain at a certain place a diffraction grid that reflects the incident light at a certain wavelength (principle of Bragg diffraction) in the direction where the light is coming from. The value of this wavelength linearly relates to a possible elongation or contraction of the fibre. In this way, the Bragg sensor can function as a sensor for deformation.
Data processing
Data processing is one of the components that are required only when active processing is necessary. So far, no textile materials are available that can perform this task. Pieces of electronics are still necessary. However, they are available in miniaturised and even in a flexible form. Research is going on to fix the active components on fibres (Ficom project [ 5 ]). Many practical problems need to be overcome before real computing fibres will be on the market: fastness to washing, deformation, interconnections, etc.
Actuators
Actuators respond to an impulse resulting from the sensor function, possibly after data processing. Actuators make things move, they release substances, make noise, and many others. Shape memory materials are the best-known examples in this area. They transform thermal energy into motion. Because of its ability to react to a temperature change, a shape memory alloy can be used as an actuator and links up perfectly with the requirements imposed to smart textiles. Shape memory alloys exist in the form of threads, which makes them compatible with textile materials. Although shape memory polymers are cheaper, they are less frequently applied. This is due to the fact that they cannot be loaded very heavily during the recovery cycle. Until now, few textile applications of shape memory alloys are known. The Italian firm, Corpo Nove, in co-operation with d'Appolonia, developed the Oricalco Smart Shirt [ 6 ]. The shape memory alloy is woven with traditional textile material resulting into a fabric with a pure textile aspect. The trained memory shape is a straight thread. When heating, all the creases in the fabric disappear. This means that the shirt can be ironed with a hair dryer. Real challenges in this area are the development of very strong mechanical actuators that can act as artificial muscles. Performant muscle-like materials, however, are not yet within reach [ 7 ] . Materials that release substances already have several commercial applications. However, actively controlled release is not obvious. Obviously, controlled release opens up a huge number of applications as drug supply systems in intelligent suits that can also make an adequate diagnosis.
Storage
Smart suits often need some storage capacity. Storage of data or energy is most common. Sensing, data processing, actuation, communication, they usually need energy, mostly electrical power. Efficient energy management will consist of an appropriate combination of energy supply and energy storage capacity. Sources of energy that are available to a garment are for instance body heat, mechanical motion (elastic from deformation of the fabrics, kinetic from body motion), radiation, etc.
• Infineon [ 8 ] had the idea to transform the temperature difference between the human body and the environment into electrical energy by means of thermogenerators. The prototype is a rigid, thin micromodule that is discretely incorporated into the clothing. The module itself is not manufactured out of textile material. However, the line of thought is introduced.
• The use of solar energy for energy supply is also thought of. At the University of California, Berkley, a flexible solar cell is developed which can be applied to any surface [   9   ] . As mentioned before, energy supply must be combined with energy storage. When hearing this, one thinks of batteries. Batteries are becoming increasingly smaller and lighter. Even flexible versions are available, although less performant. Currently, the lithium-ion batteries are found in many applications. For some applications where large temperature variations occur, it may be useful to store the thermal energy as well. Phase Change Materials or PCMs have the ability to do so and are already introduced in the textile industry.
Communication:
For intelligent textiles, communication has many faces: communication may be required has managed to realise some prototypes (a sweater and a backpack). At certain points, the light from the fibre can come out and a pixel is formed on the textile surface. The textile screen can emit static and dynamic colour images. In order to increase the resolution, the concept will need to be reviewed, as currently one pixel requires several optical fibres. Nevertheless, in this way, these clothes are uplifted to a first generation of graphical communication means. Pressure sensitive textile materials [, 13 ] allow putting in information, provided a processing unit can interpret the commands.
Communication with the wider environment does not allow direct contact, so wireless connections are required. This can be achieved by integrating an antenna. The step was also taken to manufacture this antenna in textile material. The advantage of integrating antennas in clothing is that a large surface can be used without the user being aware of it. In the summer of 2002, a prototype was presented by Philips Research Laboratories, UK and Foster Miller, USA on the International Interactive Textiles for the Warrior Conference (Boston, USA).
Smart Textiles at the Department of Textiles at the Ghent University
The research concerning smart textiles at our University focuses on the development of textile sensors for medical purpose. These sensors will be used for monitoring heart rate and respiration on children in a hospital environment.
It is commonly known that conventional sensors are clearly present and often cause problems when used for long term monitoring (e.g. skin irritation). Textile sensors are developed to overcome these and other inconveniences. The textile sensors, the data handling, the transmission and an alarm function will all be integrated in a suit, called the IntelliTex suit. This imposes special requirements on the electronics: small dimensions, washable packaging, low power consumption, …
Heart rate and ECG measurements
To measure the heart rate and even an ECG, the Textrodes were developed. The Textrodes have a knitted structure and are made of stainless steel fibres (by Bekintex). They are used in direct contact with the skin.
Conventional electrodes are used in combination with an electrogel. The electrogel establishes a good conductive contact between the skin and the electrode, which results in an improved signal. However, the patient does not experience electrogel in a positive way. Whenever the skin is in sustained contact with the gel, there is a possibility that skin irritation and skin softening occurs. This imposes restrictions on the use of conventional electrodes for long term monitoring.
When using the Textrodes, this limitation is overcome because no electrogel is needed. The Textrodes make direct contact with the skin. A compromise has to be found between the sense of comfort and the intensity of the contact with the skin. A knitted structure has the advantage of being stretchable. Elasticity is a required property for close fitting of the suit around the thorax.
The choice of stainless steel was led by the following properties:
it is a very good conductor; the fibres have a good touch; it has a low toxicity to living tissue; there is little or no danger for contact allergies because of the very low degree of nickel; it can easily be washed without losing its properties; it can be manipulated as a textile material.
From the test results, it clearly appeared that the electrode's textile structure is a parameter that has to be taken into account. When changing the structure, a different contact surface with the skin is obtained. Finer structures with more protruding fibres for instance will more easily adapt to the heterogeneous skin surface, which results in a more intense contact between the electrode and the skin. In turn, this results in a lower impedance of the skin electrode system. The patient's comfort must always be borne in mind. An electrode having a large number of protruding metal fibres will be more likely to cause skin irritation or to provoke an annoying sensation with the carrier.
Since no electrogel is used, an optimal contact between electrode and skin will have to be realised through the structure and composition of the electrode itself. Obviously this contact will improve by putting more pressure on the electrode. Once again, a decrease of impedance is observed limiting the influence of noise signals.
To measure the ECG, a three-electrode configuration is used [ 14 ] . Two measurement electrodes are placed on a horizontal line on the thorax, a third one, acting as a reference ('right leg drive'), is placed on the lower part of the abdomen In order to assess their performance, the signal originated from a conventional electrode (gel electrodes by 3M) and the textile electrodes were recorded at the same time. The results of these measurements are shown in Figure 1 . The figures obviously prove the accuracy of the signal of the textile electrodes. The quality and the reliability of the signal will be compared to standard electrodes in extensive clinical testing.
To make the monitoring belt attractive to children, the textile sensors for monitoring the heart rate are integrated in the ears of Mickey Mouse (Figure 3 ).
Respiration measurements
Another textile sensor, used for measuring respiration, is developed. The 'Respibelt' is also made of a stainless steel yarn, knitted in a belt ( 
Need for further research
The potential of intelligent textiles is huge. One can think of many applications for each of the examples given above. The other way around, starting from an application, the basic concepts have to be defined and evaluated for their use in or as a textile product. Selection of materials, structures and production technologies are the first step in the design. The actual research phase will be long and hard for many cases. Basic items that need to be addressed to come to a real breakthrough and to innovation are: transformation and conversion mechanisms to define the basic concept; new materials; new structures that can offer the requested functions.
Conductive materials, metals as well as conducting polymers, are already being used in many applications: antistatic working, EMI shielding, heating, transport of electrical signals, …. Inherently conducting polymers or ICPs are fascinating, dynamic, molecular systems suitable for applications in many domains of intelligent clothing: polymer batteries, solar energy conversion, biomechanical sensors, …. Some materials are already available, be it at laboratory level. Some substantial disadvantages, which have to be overcome, are the instability of the polymer in the air, the weak mechanical properties and the difficult processing. However, in the United States one has managed to spin the first polyaniline fibre [ 15 ] .
Another class of materials that will without any doubt play a major role in many intelligent clothes are optical fibres. They are well known from applications in electronics, but the range of deformations to deal with in textile applications is of a different order and causes problems that restrict the number of applications at present.
Conclusion
Textiles are present everywhere and any time. No one ever leaves the house without having been occupied with textiles. The economic value and impact of textiles is gigantic. The advent of smart textiles makes it possible to bring the traditional textile sector to a level of high-technological industry.
Moreover, it appears that this is only possible by intense co-operation between people from various backgrounds and disciplines. Technology domains such as biotechnology, computer science, microelectronics, polymer chemistry, material science … look at textile possibilities from another point of view. The development of smart textiles starts to come at cruise speed. A part of the new materials and structures have already reached the stage of commercialisation, a much larger part however is still in full development or still has to be invented even. This applies especially for the very smart textiles. This phase is to be reached by 2010, so at medium term.
